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SUMMARY

lateral~directional dynamic stability derivatives are presented
for a 0,l-scale model of the XC-142A tilt-wing transport. Th: stability
derivatives were determined from experiments conducted in ti.. Princeton
University Dynamic Track with a dynamically similar model. The tests
involved various descending flight conditions achieved at constant
speed and wing incidence by varying the vehicle angle of attack. The
propeller blade angie and the speed were also changed in the steepest
descent, case.

The experimental data were analyzed assuming that the dynamic
motions of the vehicle may be described by linearized equations, with
the lateral-directional characteristics of the full-scale aircraft
also presented and discussed. Results from this experimental investi-
gation indicated that the fullascale aircraft would have a stable
lateral-directional motion in level flight, with the dynamic motion
becoming less stable as the descent angle was lacreased. No improve-
m=al in the dynamics was noted when the propeller blade angle was
reduced during the steepest descent, although a subsequent increase
in airspeed caused a further degradation in the lateral-directional

stabllity which was characterized by an unstable Dutch-roll oscillation.
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‘ INTRODUCTION

During the past decade, there has .<en an ever-increasing interest
in the V/STOL type of aircraft, not only because of their unique and
intriguing addition to the fieid ol aerodynamics; but also because of
the potential offered by these aircraft in a commercial and military
role. An assortment of V/STOL configurations have been tunnel tested,

including tilt-prop, compound, Jjet-1ift, tilt-wing, and many other

concepts (refs. 1 through 9). Such configurations offering promise,
‘ either have been built and flight tested, or are currently involved in

a flight research program (refs. 10 through 18). Most of this work,

W GRS RO N 1 e -

though, has been of a gen ral exploratory nature, directed towards
either pure aerodynamics or establishing the overall feasibility of the
various concepts. Investigations to document the classical stability
derivatives, which are a prime ingredient affecting the so-called
handling qualities of the vehicle, have been limited.

To make this stability derivative data available, a number of
V/STOL configurations have been tunnel tested in the Pr'uceton University
Dynamic Model Track (refs. 5 to 7, anda 19 to 21). One of the more recent
vehicles tested has been a O.1l-scale model of the four-propeller XC-1lh2A
tilt-wing transport. Experimental results have included the first quane

titative information publiched on the lateral-directional dynamic

derivatives of a tiltewing V/STOL aircraft at low forward speed (see
ref. 19) and the longitudinal dynamic stability characteristics (see
l ref. 20). jl
The purpose of tnis study was to extend the information presented
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in the previous Princeton University reports dealing with the XC-1k24.
Direct quantitative measurements were made of the lateral-directional
transient response time histories for various trim conditions simulating
low-speed, descending flight. These dats were teken at five test con-
ditions representing various combinations of pitch attitude (9), for-
velocity (Uf), and propeller blade angle (). The wing incidence and
wing flap angle were Tixed at 40° and 60°, respectively, throughout the
entire investigation. The results presented in this report thus
represent the first documentation of the stability derivatives for a
ti1lt-wing V/STOL transport in descending flight.

The servo-analysis techniques used to determine the stabiliity
derivatives from the data available are described in appendix I.
Conversion of the data to full-scale values is discussed in appendix II,
with the results shown in figure 1. Additional information regarding
the static characteristics and control effectiveness for the configu-

ration tested, are presented in reference 22.
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DESCRIPTION OF APPARATUS AND EXPERIMENTS

TEST FACILITY

The Princetor University Dynamic Model Track Facility was designed
explicitly for the study of the dynamic stability and control of heli-
copter and V/STOL models for speeds ranging from hover through transie
tion. Integral components of the test facility include: a T50-foot
track, servo-drive carriage, model mounts, measuring transducers and
recording equipment, all of which are located in a building with a test
eross section of 30 by 30 feet. The dynamic carriage, which can follow
the longitudinal velocity excursions of the model, has an acceleration
potential of 0.6g and a maximum speed of 40O feet per second. A detailed
description of the facility and testing techniques employed may be
found in reference 23.

Two of the various methods used to mount models to the carriage
permit separate measurement of the classical longitudinal and lateral-
directional degrees of dynamic motion. The longitudinal mount, shown
in figure 2, permits horizontal and vertical motions of the model
relative to the carriage and allows the model to rotate in the plane
determined by these directions. The horizontal motion is sensed and
used to command the carriage to follow the model in a closed-loop
fashion. BSimilarly, the vertical displacement of the model commands
the boom to follow in the vertical direction. The lateral-directional
mount vhich was used for this atudy is shown in figure 3. This mount
permits relative motion between the model support linkage and the

“ e m —— wa s e - " [
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lateral servo-driven carriage to be sensed and used to positiun the
lateral carriage along the lateral boom. A maximum sideward excursion
of 8 feet is permitted by this arrangement. The yaw degree-of -freedom
is provided by a pivot mounting which allows angular rotation of the
vertical tube supporting the model relative to the lateral servo-

driven carriage. Roll freedom is achieved by a pivot mounting lo:ated
within the fuselage of the model itself which permits the angular
motion in roll relative to the fixed vertical support tube. A schematic
drawing of the lateral-directional mount is shown in figure 4. Overall,
the model support and gimbal system allows particular degrees of angular
freedom to be selected. Those not under investigation are locked by a
braking system which also serves to arrest the model motions at the end
of a test run. The gimbal and support systems also serve as references
for measurement of the model motions. This system is similar to the

one used in reference 19, with the roll and yaw axes fixed to the
lateral error linkage; the roll axis yaws but does not pitch with the
model, while the pitch axis remains fixed to the model. For the pre-
sent study, the descent conditions were simulated by altering the pitch

attitude of the model with respect to the carriage. This adjustment

results in an increased aircraft angle of attack since the carriage
velocity is always horizontal. The exact expressions for the vari-
ables and the appropriate equations of motion for this axis system
are presented in appendix I.

The dynamic experiments conducted during this study were, for

the most part, two degree-cf-freedom motions achieved by use of the
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lateral-directional mount. These tests included single degree-of-
freedom in yaw (V) and two degree-of-freedom in roll and yaw (¢ - V)
angular motions, and roll angle and sideward velocity (¢ - f) motions
for selected combinations of pitch attitude (8), forward velocity (Uf)
and propeller blade angle (B). Three degree-of-freedom cases

(¢ -V - vf) were also conducted to analyze the complete lateral-
directional motions of the aircraft.

The Princeton Model Track Facility can also be used to measure
static stability derivatives. The model i- mounted rigidly to the
carriasge permitting the forces and moments acting on the model to be
measured with strain gauges. Continuous changes in the variables of
interest can be achieved by programming the model or carriasge motions.
Although similar to wind-tunnel testing, a uniform air velocity, free
from turbulence, is offered in the 30 by 30 foot test section. Precise
control of speed is available over a wide range, which includes not

only forward flight but hover and rearward flight as well.

MODEL

The 0.10 scale dynamically similar model constructed for this
experiment is shown in figure 5; drawings of the general arrangement
and of the airfoil section of the model are shown in figures 6 and 7.
The model is the one used for the lateral-directional study of
reference 19, with several modifications. These modifications of the
model, and descriptions of the lateral-directional control system,
geametric characteristicsof the model propellers, allercms, and other
pertinent information are presented in reference 22,
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TNSTRUMENTATION

The basic test instrumentation, employing telemetering and magnetic
tape recordings, was similar to that used in reference 19. However,
several additions and refinements were made to the model instrumenta-

tion: these changes are also noted in the data report relating to

this experiment (ref. 22).
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EXPERIMENTAL RESULTS

STATIC DATA

Measurements of the horizontal force (parallel to the free-stream)
and the vertical force (perpendicular to the free-stream) were made to
determine the descent conditions realized during this program. All
data were taken in the forward flight mode for a constant wing inci-
dence, 1 = 40°, and constant flap deflection, 8p = 60°.

Generally, the aerodynamic forces are functions of the forward
velocity (Up), vertical velocity (W), pitch angle (6), blade collec~
tive pitch angle (B), and the control inputs. However, for the XC-142A
modei, there was no cyclic pitch control and, the ailerons, differential
ccllective, etc., were assumed to affect only the lateral-directional

equilibrium. Therefore, for a space-fixed axis system, the force

equations for steady level trimmed flight are:

Xp(Up,Wg,6,8) = O

(1)
Zs(Up,We 8,B) = mg
Since a space-fixed axis system is being considered, the descent
angle (7) 1s defined by:
W
tan 7 = 3 (2)
Up

However, because of the mechanization of the testing apparstus, it
was not possible to program descent velocities into the model, that
is, Ve = 0.
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Therefore, the descent conditions were simulated by rotating the model
about its pitch axis, thus stipulating that the test or true model
pitch attitude (8) was precisely the model angle of attack (a), as
showu on figure 8. For eacn of the test cases studies, this pitch
attitude remained constant. Force balance considerations were then

used to define the actual descent angle, by,
Zp 8in 7 = Xp cos 7 (3)

or

tan 7 = oL
Zp

Since the horizontal velocity of the model is determined by programming
the carriage, it is not necessary in the model tests that the horizontal
forces be in balance.

It should be noted that the model was constrained to fly parallel
to the horizon slong the space X-axis, (i.e., the test track), thus,
similating an inclined horizcm as shown on figure 8, rather than an
actnal descending flight path. Since the horizon is so inclined, an
aerodynamic pitch attitude (8,) can be defined as the angle between
this artificial horizon and the body principal X-axis, again noted
on figure 8, This will be the pitch angle of the aircraft in descending
flight.

The space axis lcngitudinal force (It) was measured directly by
a strain gauge, thus knowmn for the various combinaticus of Ut' 0,
and B. Direct measurement of the space-axis vertical force (2,) was

i R BR BN Ao Fatt Fam s
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not available. To determine Z,, the nodel was rolled through ¢

degrees as shown in figure 8, and the horizon referenced side force (Y)

measured. The relationship for obtaining the space vertical force

is then
g - Y XY (for small angle (h)
S g 9 approximation)

When sub:stituted into the descent angle equation, this ylelds:

w1 X

7 = tan™ < (Ug,0,8)8 (5)
Samples of the static data used to determine the horizontal and ver-
tical forces, and thus the descent angles, for each test case are
shown in figures 9 through 11. A summary of the test conditioms,
including the descent angles computed by the above equation, and the
aerodynamic pitch angle (8,) are presented in table I, with the model
geometric and inertia characteristics outlined in table II. The
details of other pertinent procedures and testing techniques appli-
cable to this study, regarding the stability augmentation used on the
model, model trim, and aileron effectiveness, are discussed in

reference 22,

DYNAMIC DATA

Single-Degree-of -Freedom
Single~degree<of -freedom dynamic responses were evaluated for

each of the five cases to determine the yaw damping (l;) and the

moment of inertia about the yav axis (Iz)' For these runs, the model
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was locked in roll. Mechanical springs were attached between the model
and support tube to provide a restoring moment about the yaw exis. The
equation of motion for the rigid-body oscillation of the model in yaw,

[ vr1th mechanical springs, aerodynamic damping, and mounting friction is:

Z

IV + (-g—% + friction)‘ff + g—% V=0 (6)

For these experiments, the model mounting friction was determined from
power-off tests. The mechanical’ spring contribution, %:7 = Khn’ was
calibrated separately and found to be (-31.7 f£t-1b/rad). Spring-
restrained single-degree-of-freedom runs were also performed with the
model motors off and the carriage veloclty equal to zero (Uf= rpm= 0)
to determine the model yaw moment of inertia. The yaw damping runs
were conducted by releasing the model, with propellers running, from
an initial yaw angle offset. An example of the resulting time history
plus one for the model motors off are shown in figure 12, These time

histories, along with the knowledge of the spring constant. and moment

of inertia, provided the total aerodynamic plus mechanical spring

damping. The mechanical damping, as determined from model motors

off data, was simply subtracted out, resulting in the true aerodynamic
damping for the first case. 8ince the model exhibited stable direc-
tional stability in the first test condition, the mechanical springs
[ were not used during the remaining descent cases. It should be noted
that no single<degree~of-freedom runs were made t¢ determine the roll
damping and roll mowent of inertia. As an approximation, therefors,
the ratio of the moment of inertia in yaw for this experiment to that

T A+ St TrTv— _ “ LT —
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of reference 19 was used to determine the roll moment of inertia.
Furthermore, the roll damping moment for the level flight case of

this investigation was assumed to be equal to the value determined

in the level case (1w = 500) of reference 19, resulting in the slightly
lower ratio of roll damping to inertia (hereafter simply the roll
angular rate damping). A summary of the single-degree-of-freedom data

for the test runs analyzed for each case is presented in table III.

Multiple Degree of Freedom

For each of the descent cases, lateral-directional transient
response measurcments were conducted for the following degrees of
freedom: two degrees of freedom in roll and yaw (f - ¥); two degrees
of freedom in roll and sideward velocity (f - v,); three degrees of
freedom in roll, yaw and sideward velocity (f - ¥ - vs)s The equations
of motion for each of these conditions are presented in appendix I.

No mechanical springs were used for any of the multiple-degree-of-
freedom tests, and for the data presented, only pitching motions
were stability augmented.

The procedure followed during one of these multiple-degree-of-
freedom tests was to bring the model motors up to speed with the
model locked, relative to the boom, on the stationary carriage. The
carriage vas accelerated to the trim speed, and timers were used to
unlock the mechanical restraints of the desired degrees of freedom.
The model was then permitted to fly freely in any desired combination
of degrees of freedom. For some of the runs, either a roll or heading

offset, or control deflections were used as sn input to excite the

P S
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model's responsc, though in some cases a small random disturbance wus
sufficient to start the motion due to the unstable nature of the
dynamics.

Sample rcsults of the lateral-directional dynamic tests for the
five cases, which include level flight, are presented in figures 12
through 31 as time histories of the transient response of the model. %
The period of the motion and the damping ratio for each of the multiple- !
degree=of -freedon runs analyzed is presented for each case in table IV, H

with the corresponding roots of the model transient responses summarized

in figure 32. ,

El S

R




13

FULL-SCALE AIRCRAFT DYNAMICS

The analysis of the experimental results, as discussed in appendix I,
along with the application of the scale factors discussed in appendix II,
permitted the full-scale, body axes stability derivatives to be deter-
mined. These stability derivatives are presented in figure 1 as u
function of descent angle. 3 he dashed curves indicate the probable
trends of the derivatives, as determined from test cases 1,2, and 3.

The effects of a change in the propeller blade angle (p), case 4, and
subsequent change in the forward velocity (Uf) , case 5. are also sho'm

in figure 1, by the rectangular and triangular symbols respectively.

Also noted in figure 1 are the results from reference 25, which will be
discussed later as applied to the level flight case. The data resulting
from descent angle changes, cases 1,2, and 3, will be discussed separately
from the data representing aerodynamic changes, cases 4 and 5.

LESCENDING FLIGHT RESULTS

The descending flight results were those obtained from cases 1
through 3. ™~ descent angle obtained by varying fusalage angle of
attack was the only variable for these three cases and were:
0° (level), =5°, -11°, respectively. From the data analyzed, the
body axis stability derivatives were computed and the following may
be noted for each.
Roll Demping (L)

A mathematical approximation was esployed to determine the roll
angular rate damping of the model, as & function of descent angle,
because no single-degree-of-freedom 10ll deta was available. It wss




1h

not known whether the roll damping would increase or decrease as the

descent angle steepened, therefore, variations in both directions were

analyzed. The results showed that an increase in the space axis roll

damping (as would have been measured from the track data) caused the

body axis values to increase unrealistically for the higher descent

angles. On the other hand, a reduc’ion in the space axis roll damping,

for higher descent angles, resulted in a ...ight increase in the final

body axis value, as shown in figﬁre 1, cases 1 to 3. This trend in the é

roll rate damping was acceptable berause these values, along with the

AL

other stability derivatives involved, were consistent with the dynamic
motions measured for these descent cases. Such a variation in the roll

damping was also considered reasonable because it can be attributed to

an increase in 1lift on the wings, at the higher angles of attack associ-
ated with these steeper descent angles, a condition that would be
expected prior to wing stall.

Yav Moment Due to Roll Rate (Rp)

This cross derivative is negative - the sign generally associated
with conventional aircraft (ref. 24) - resulting from the unsymmetric
iift distribution on the wings vhile the asircraft is rolling. The
magnitude remains somewhat constant, though falls off slightly at the
higher descent angle. This reduction may be attributed to a smaller
tsil contribution and/or unsymmetrical stall effects on a tilt-wing
configuration that is rolling during descending flight.
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Yaw Demping (N,.)

This stability derivative is stable for level flight and tbecomes
less stable as the descent angle increases. For the largest descent
angle, in fact, the damping becomes very slightly unstable (positive)
vhich arises, mcst likely, from interference on the vertical tail
particularly at th¢ low speeds being investigated.

Roli Moment Due to Yaw Rate (L,.)

The rolling moment due to Yaw rate ies another cross derivative
which has a sign (positive) that is typical for conventional aireraft
(ref. 24). The value of the derivative decrecases for ihe first descent
case (-50) but increases positively for the higher descent case. The
explanation of this trend appears somewhat difficult and is probably
the result of the complex airflow interplay between the wing and tail
surfaces.

Dihedral Effect (L)

This stability derivative exhibited a stable (negative) tendency
for all the descent casec analyzed. Its value is large for the level
flight case - comparable to that found in reference 19 and becomes less
stable as the descent angle increases This trend may be caused by an
onset of stall on the advancing wing, permitting the opposite wing's
1ift to become more effective with descent angle.

Directional Stebility (N )

The sign of this stability derivative indicates the aircraft is
directionally stable (poiitive) over the range of test conditionms.
The magnitude appears to remain constant with a slight increase in

\‘R’A(mii w* o~
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stability noted for the larger descent angles. The value of NV for
the level flight case is in good agreement with the value calculated
from the approximation based on the fact that the free-stream velocity
on the vertical tail is the primary factor contributing to this derive-
tive. From reference 24, assuming negligible sidewash, and a vertical
tail efficiency factor of one, the directional stability can be written

as:

~ QSpAply
IZUof
and was computed using the following

AT = 2 per radian

I, = 270,000 slug-feet squared
ZT = 23.5 feet

ST = 130 square feet

Uof = 57.8 feet per second

resulting in
N, = 0.0016 per foot-second

Sideforce Due to Lateral Velocity (Y,)

This stability derivative was found to be small and alsc remained
fairly constant throughout the range of test conditions.

For the above descent cases, the data indicated that the dynamic
motion of the fullescale aircraft in level flight was stable. The
rolling mode would be convergent, with a time to one<half amplitude
of 0.91 second , while the spiral mode would also be stable having

a time to one-half amplitude of 49.3 seconds. The Dutch-roll

i
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oscillation wculd be approximately neutral with a period of 8.4 seconds
’ and & time to one-half amplitnde of 138.0 seconds. The results for the
f second and third descent cases indicate the dynamic motion of the full-
scale aircraft was similar. That is, both cases exhibited a spiral

divergence, a rolling convergence, and a stable Dutch~-roll oscillation.

Specifically, for the 5° descent (case 2), the period of the Dutch-roll 1
E
4

mode would be 7.9 seconds and a time to one-half amplitude of 53.0

‘ seconds. The rolling convergence would kave a time to one-half amplie
tude of 0.9 second, while the time to double amplitude of the divergent
spiral mode would be 8.4 seconds. For the 11° descent (case 3) the data
indicated the Dutch-roll period would be 8.4 seconds with a time to one-
half amplitude of 8.1 seconds. The rolling convergence would have a
time to one-half amplitude of 0.9 second, while the time to double

amplitude for the spiral divergence would be 2.4 seconds.

AERODYNAMIC CHANGES

The test conditions of cases 4 and 5 were added to determine the
effects of very limited aerodynamic chenges for a particular descent
case. Specifically, a reduction in the collective blade angle (B),

from 13.5° to 11.5°, was “he only change made for case 4; further, at

this nev blade angle setting, the model test velocity (Up) for case 5
was increased from approximately 18.5 feet per second to 24 fist per

second. The equivalent full-scale velocity for these two values are

B

#

&
¥

58.5 fps (34.5 knots) and 76 fps (45 knots), respectively.
The stability derivatives calculated for the last two cases are
compared to those of the descent cases on figure 1. Generally, the
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results indicate that very little change, if any, was realized for the
reduced blade angle setting case. Increasing the velocity shows that
the effect on the stability derivatives was in the same direction as
compared to case 4, though, tor the most part, resulting in a much
larger magnitude change. The only exceptions were those trends
indicated for tle dihedral effect and the sideforce derivative whica
were opposite to those realized in case 4.

The forward velocity effects, particularly regarding the side-
velocity derivatives, are at best very difficult to explain. This is
so because of the unknown interaction between the body, wing, and tail
airloads, as affected by the free-stream and/or slipstream, particularly
for a descending tilt-wing configuration. ior example, a variation in
iift, which may explain one stability derivative change would not
necessarily explain a change in a different stability derivative.
Generally, it can be said that the decrease in Nv is caused by a
waeke turbulence or interruption of the flow at the vertical tail -
for the steep descent cases. An increase in the sideforce derivative
can be attributed to fuselage impingement, while the larger negative
value of Lv results from the change in lift experienced on each
wing.

The dynamic motion of the full-scale aircraft computed for case 4
was almost identical to that of case 3, Appareantly, as discussed above,
a change in the biads collective pitch setting alone did not greatly
alter the dynamics. The model results indicate that the full-scale
aircraft would exhibit a stable Dutch-roll oscillation with a period
of 8.1 seconds and a time to one-half amplitude of 9.1 seconds. The
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rolling convergence would have a time t> one-half amplitude of 1.0
second, while the spiral mode would be divergent, with a time to double
amplitude of 2.6 seconds. The model results for case 5 indicate that
the full-scale aircraf® wr1d exhibit quite a different dynamic motion.
Specifically, an unstable Dutch-roll type oscillation was 77-played,
one that would have a period of 8.2 seconds aud a time to double
amplitude of 49.0 seconds. The rolling mode remained convergent, and
would have a time to one-half anfplitude of 0.9 second, while the
spiral mode would be less divergent with a time to double amplitude

of 9.6 seconds.

The results for the level flight case are, for the most part, in
good agreement with the level flight results of reference 19. The only
stability derivative that differs noticeably is the yaw moment due to
roll rate (Np). The value found in the present study is of much larger
magnitude and different in sign, that normally exhibited by conven=
tional aircraft (i.e., negative). It is this term that apparently
contributes to the slightly stable spiral mode, noted herein, another
result that differed with the level flight case of reference 19.

These differences would be attributed to:

(a) The slight alterations in the testing procedure used during
these investigations are noted in reference 22,

(b) The configuration of the model used in the present study
to achieve level flight, particularly i, = 40° as compared to the
i, = 30° configuration used in reference 15.
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The overall descent results appear to lend themselves to the dise
cussion on descending flight in transition found in reference 2.
Similar to the descent results noted in this reference, no wing

buffet was encountered throughout the descent angle range of the
present study and, by this fact, the feasibility of much higher des-
cent angles is not known. It is believed, however, that any additional
descent angle capability would be slight, because of the proximity of
wing stall and the onset of poorer dynamics indicated by case 5.

It is also interesting to note that for direct data comparisons
the computed stability derivati.es presented herein compare favorably
to those reported in reference 25. For the appropriate wing angle case
(iy = 40°) that is comparable to the level case of the present result,
all the sickilicy derivatives are in close agreement with the exception
of Nv and Lr‘ These differences are evident in rigure 1 and may be
attributed to the variation in the testing techniques between the two
studies. In addition, the trends in the roll and yaw damping stability
derivatives as a function of descent angle, noted in reference 25, are
in good agreement with the present results, again when the testing
procedures are considered. Specifically, the descent conditions of
reference 25 were achieved by changing the propeller rpm for a con-
stant model angle of attack and wing incidence. This was not the
procedure used to simulate descent for this study; therefore, it is
fair to say that the descent cases per se are not directly comparable.
The test conditions of the present investigation that are more in
line with those of reference 25, are simply those for which the
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angle of attack was held constant while some other parameter related

to a change in thrust was varied. Clearly, this type of change 1is
represented by cases 3 to 5. Comparison of the stability derivatives
for these cases with those of reference 23, that is, yaw dasmping, roll
damping, end directional stability, indicate that the results are in
close agreement both in magnitude and trend. The only exception is
that the yaw damping results do not agree. Again, this difference

may be accounted for by the testing technique used, in that the demping
term found during the forced oscillation tests of reference 25 was

(Np - Né), from which the yaw damping (N,) cen not be separated. (Note,
N: results from the yaw moment due to the rate of change of sideslip

B
angle.)
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CONCLUSIONS

A 0.1-scale model of the XC-142A4 V/STOL transport was tested in
the Princeton University Dynamic Model Track while in low-speed level
and descending flight. The test cases included various descent angles
at constant speed, and two conditions incorporating aerodynamic changes
at the steepest descent. On the basis of the model results, the full=-
scale aircraft in level flight would be dynamically stable. A degrada-
tion in the aircraft's dynamics would be experienced as the descent
angle is increased, to a point that for an 1° descent, the motion
would be made up of a rolling convergence, and a lightly damped Dutche-
roll oscillation and a spiral divergence with a time to double

amplitude of 2.4 seconds.
The first serodynamic variable change, consisting of a propeller

tlade angle change for an 1° descent, did not significantly alter the
aircraft's dynamic motion, as compared to the original 11° descent
case. However, for the second aerodynamic variable change, which
consisted of increasing the airspeed in the reduced blade angle con-
dition, the lateral-directional dynamics become more unstable, charace-
terized by an unstable Dutcheroll oscillation with a time to double
amplitude of 49.0 seconds.

Generally, the overall results appear consistant with the theory
used for the analysis and computation of the stability derivatives.
In addition, the results and trends are in good agreement with the
limited data available from similar studies previously conducted.
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APPENDIX I

ANALYSIS OF DATA

AXIS SYSTEM AND EQUATIONS OF MOTION

Model motions were measured with respect to a moving carriage;

Bt DRl bt . C

therefore, it is more convenient to use a spucc~Jixed axis system to

anaiyze these motions rather than the more conventional stability

axis system. The Xf-axis 1s located along the direction of the motion
of the carriage, with the Zf-axis perpendicular to it, positive down-
ward; the origin of the axis system is placed at the pivot point where

the model is attached to the vertical link. The general body axis and

"y g P «mgaﬁ rm' i

space axis relationship is shown in figure 33. For the analysis pre-

sented herein, 1, the angle between the model principal axis and fuse=-

B A ey

lage reference, is assumed to be zero. Thus, the angle {, shown in

B N

figure 33 is exactly equal to 6. The order of rotation used to
relate the body and space axes are as follows: i l
(1) ¥ rotation about 2, (yaw gimbal) to aline X, with N l
roll axis ; l
(2) ¢ rotation about X' (roll gimbal) to aline Y' with ;
pitch gimbal P
(3) © rotation about Y' (pitch gimbal) to aline X" with | S

aircraft axis ! :
The resultant aircraft angular rates expressed in terms of the space -
axis rates are:
p-acuo-icm{tame !
r=V¥cos fcos 0+ g sin o (7) :
q-ao-;linf

LI | . " Y Np——
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When ¢ 1is assumed small, the above relationships reduce the

equations (2) of reference 22

p=@cos 8 - V¥ sin 6
! r=Vcos 8 +@ sin 0 (8)

a-b

Differentiating, the angular acceleration expressions are:

1.:-¢cose-.es:l.n9

r-;‘cose+asine (9)

Q- |
Using the vector equivalence for rates and moments, that is,

P~ lp
r"‘RB
qQ™~ My

- o
r 2
& & &

(20)

D
2

the rate expressions become:

Lp = Ig cos 6 = Ny 8in @

By = Ng cos 6 ¢ g sin © (1)

s =%
Since the current study deals only with the lateral-directional stability
derivatives, the analysis will De continued with the applioabls rolling .
and yeving moment expressicns. Using the first two moment axpressicns : ;
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of equations (11), to solve for the gimbal moments as a function of

the body axis moments, the results are:

LG=LBcose+NBsin6
(12)
NG=NBcose-LBsin8

The general principal axis equations of motion (refs. 24 and 26) are:

Igp + ar(I, = Iy) « (¥ + pa)Iy, = Ly
(13)

Lr + paly=I,) = (B - ar)I,, = Ny

Dropping the terms having products of rates and substituting these

into equations (12)

I,G-Ixf)cose-Ixzi'cose+Izi'sin6-Ixzf>sin9

(1)
Ny = I,rcos 8 -1,pcos d-21Lpsinb+L,rsinb
Finally, substituting for the body-axis angular accelerations and
combining coefficients of the space-axis angular accelerations:
g = [« €082 =~ 2., sin 6 cos © + 1, a:lnzgﬂ
+ [(I - 1_)sin 6 cos @ + (s1n°0 - cooao)lq'l;
o (15)

N = [Totn% + 205 sin 0 cos 0 4 I, coozel;

+ [(1; - 1,010 0 cos © + (s15% - cos®0)I, )8
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26
letting,
I, cos29 -2I,, »in 9 cos 6 + I, sin26 =1’
I, s1n°0 + 2I,, 8in © cos 0 + Iz‘C0829 =1’ (16)
(1, - I,)sin 8 cos © + (sinee - cosee)lxz =P
the general equations “or the roll and yaw gimbal axes are then
Ix'a + sz."; = Ig
(17)

L'V + Py,f = Ng

The appropriate gimbal axis moments and cross product of inertia were
computed for each descent case as a function of the pitch angle 6,

and are shown below. (Body inertias are given in table II).

7 8=a [6g=a+ 7| I ' | Ip'| Py
c;e 1 o° 0° 0® |+3.0]4+.1]-0.2
Crse 2 % | 10° 52 |4+2.9|4.1] 0
Case 3 -5 | ~1° | 20° $° | +2.9+h.1}40.2

The body axis velocities are related to the carriage velocities through
the same coordinate transformation outlined above. All of the velocity
components realised at each step of the transformation, along with the
expressions for the body axis velocities in terms of the space axis
velocity, in complete and small angle linearized form, are presented
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in figure 34. Again note, for the present study, © 1is used in place
of . Using small angle perturbations, the most significant velocity

expression is
VeV - UofW (18

which will be used to convert the three-degree-of-freedom equations to
the gimbal frame of reference.

The linearized, small perturbation lateral-directional equations
of motion are:

va+g¢-m(\.r+Uof'v)-0
Lyv+1gf -+ Liw=0 (19)
NVV+N7¢3+R;;-V-O

For the present study, though, these equations were modified to the
gimbal axis notation by: first, accounting for the inertia differences
in the rolling and yawing moment equations; second, substituting the
exvression for the body sideward velocity term. These substitutions
yleld:

Yyg¥e = UopYve¥ = mve + gf = O

x.,,v,-uofx..,vu.'ﬁuﬁ-ﬂ-;:%;-o (20)
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Note: The V¥ coefficlients can be expressed as Y\l!’ L*-' and N*,
respectively. in the above equations.

One additional correction must be iade to account for the "non-
lifted” mass of the model support and gimbal system. Defining L, as
the total traveling mass, equal to the sum of model and linkage equip-
ment, and m' as the total mass 1lifted (i.e., = -2-) , the term used in
the lateral velocity equation may be modified by the ratio ;—!:tr. This
term effectively reduces the lateral acceleration produced by the
given thrust, since this is less than the tot' 1 weight of the moving
systenm.

Since no dynamic tests were made with control inputs, these terms
are not included. Other assumptions implicit in this form are: the
vehicle is in level flight; the time rate of change of the product of
inertia and moment of inertia terms is neglizible. Although the effect
of the product of inertis (Iy,) could be neglected, it was retained
because the method used to simulate the descent angle caused the pro-
duct of inertia to be more significant at the steeper descents.

The space axis equations of motion in operator form, with the

mass correction term are:
(Yy’,-;S)'vri-d#!ﬂ-b
Py 2
vav,-t(!’-sz)’-t(!q#m-!;rl)Q-o (a)
l'tv,o(*-;?la)!o(lvolh-ta”-O
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The nontrivial solutions for Vs ¢, ¥ are realized through the

charactoeristic equation

my .
va -FS g “]\ff

sz 2 2
Ny (N‘zs-f?-s> (Ny + Nys - s9)

The natursl modes of the alrcraft motion are determined by the
roots of the characteristic equation, that is, the values of "g"
satisfying the sbove expression. Use of a space-fixed axis for the
lateral-directional equations of motion results in a fifth-order
system, or a fifth-degree claracteristic equation. Since the cone-
stant term in the equation is equal to zero (ref. 19), one roost is
zero and remains so whenever yaw angle rather than yaw rate 1s used
as a variable.

For the restricted degree-of-freedom tests, the reduced set of
equations that apply are:

(1) Single degree of freedom in v, (vf = 4 = 0)

Ny + By8 = 85 = 0 (23)

L (Las - 59 (Lq; + L}S - IIJX—? se> =0 (22)
X

2 argr




(2) Two degrees-of -freedom

(a) ¢ - W} (vf = O)

(Lé;s - sz) (Lq, + LS - l;i? s2>
X
(N¢s - ;"—?- sz) (Nq, + NjS - 32)

Z
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(2k)

(25)
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DATA ANALYSIS FOR CASE 1 (LEVEL FLIGHT)

Single Degree-Of-Freedom

For each test case, the above equations were used to experimen-
tally determine the lateral-directional stability derivatives of
interest. Initially, for the level case, a yaw degree-of-freedom run
was made with the model motors off (run 92, fig. 12). From the period
of the motion ®4 = 2.75 1/sec was determined, and knowing the mech-
anical spring constant to be -51.7 ft-lb/rad, the yaw moment of inertia

was computed as 4.1 slug-fta. Using the average values for the period

and damping ratio, from table III, the single-degree-of-freedom root
was determined ae § = <0.33+j2.86. Substituting into the single

degree equation, the results are:
Ny = -0.67 1/sec
N, (mechanical plus aerodynamic) = -8.41 1/sec?

Eliminating the mechanical spring contribution, the N* (aerodynamic)
1s Ny = -8.41 - (-7.58) = -0.83 1/sec?.
Two Degrees-Of -Freedom

With the single~degree-of-freedom data analyzed, the roll and
Yaw coupling was next examined using the concept of rotating time
vectors and mode ratios as discussed in reference 27. For the parti-
cular set of equations used, it is more convenient to use the mode

ratios rather than solving the system characteristic eguation.
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The idea that the oscillatory motion of a system described by a
linear differential equation can be represented by a vector rotating
about its tail forms the basis for use of time vectors. The length
of the vector is proportional to amplitude Of the oscillatory motion
of the system and the damped natural frequency is represented by the
angular velocity of the vector. If the oscillatory motion is damped,
the vector length will decrease with time; if undamped, the vector
length will increase witin time. For multiple-degree-of-fresdom
systems, represented by a set of differential equations, the charac-
teristic equation of the system contains an oscillatory pair of roots

thus making it possible to represent the oscillatory mode in each

variable by its own rotating time vector. The time vectorc for the

different variables in a particular mode will maintain a fixed-phase

E
&
i

w

&
H
H

relationship with each other and rotate at the same frequency. The
amplitude ratio and the phase angle between two variables are constant
for a given linear system and do not depend upon the input or disturbe
ance, The complex number relating the amplitudes of the two variables
and the phase angle between them is called the mode ratio. Note, such §A
an approach is also valid when only one mode is present in the response; 5
therefore, for the analysis following, it is assumed that other modes
of motion have damped out.

The relationships for the mode ratio of roll angle to yaw angle,
for the two-degree~of-freedom motion in roll and yaw, as obtained from

equations (24) are

g sl
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p LW+L,1,S--I—§—%-SQ
7° 5 ’ (26)
52 - Igs
g 52 - NS - Ny (2n)
v NS - Pxz s2 o
5 -

where "S" 1is the root of the characteristic equation corresponding
to the mode of interest. Since the mode ratio is a complex number,
two stability derivatives can be evaluated from each of the above
equations. The phase difference between the roll angle response and
the yaw angle response was -115° (i.e., @ lags V¥ by 115°), as
determined from the data. The average amplitude ratio was 1.48, thus
resulting the mode ratio % = <0.63 - jl.54. The period and the
damping ratio of the oscillutory mode were 4.69 seconds and 0.129,
respectively, (S = =0.17 + j1.36). Using the values, L& = <0.4 1/sec
and ;5% = «0.067, the model space axis values for L@ and Ly, were

X
calculated using equation (26), and found to be:

L& = +1.72 per second
Ly = +2.20 per second squared

Having the values of N@ and N* from the single-degree~of~freedom
data, and ;f% = =0,0U9, either the real or imaginary part of equa-
tion (27) should have resulted in the same computed value for Ra.
However, there was a slight difference, probably resulting from an

unbalanced pitchiug moment because of the model mounting used as

K s, R foseme s L
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discussed in reference 19. Therefore, the stability derivative N¢

was added to the mode ratio, with the modification yielding:

52 - NgS - N
) ¥ - Ny, (27a)

N¢+N¢s-§’%s2
Z

<l

PXZ

Na and N¢ were then determined using the values of N@, Ny, T
2

S, and W previously given. The results are:
Na = «0.58 per second
N¢ = +0.036 per second squared

The value of N¢ is an order of magnitude less than that fouad in
reference 19, thus corresponding to a very low, almost insignificant,
untrimmed pitching moment.

The mode ratio relating the roll angle to the side velocity was
used in the same fashion as % described above, to compute the
remaining derivatives of interest. From the ¢ - v, degree-of-freedom

':t-S-Yv

¢ . m' o '
- = (28)

A value of ; = 2,16 was determined from the static data (2 = 27.3 s,
my = 1.83 slugs). The phase difference between the roll angle and the
side velocity response is 79° (1.e., Vo lags § by 79°) as determined
from the data.
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The average amplitude ratio was 0.103, resulting in the mode ~atio

¢

V; = 0,02 + jO.1. The average period or the oscillatory moae was 6.1
seconds with a damping ratio ¢ = -0.14, the minus sign indicating an
urstable oscillation (S = + 0.21 + j1.08). The side force due to side
velocity was then computed from equation (28) with the result,

va = «0.2 per second. Using the derivatives already determined and

the fact that the side velocity and heading are rela*ted through the

forward velocity, the additional stability derivatives of interest

B

were computed as follows:

Y =-Uonvf = +3.66 £t per sect

]
L, ;
L, = - . o2 per ft-sec (29) E
f Uy
f
N
Ny, = = il +0,045 per ft-sec
f UOf

The model space axis results for case 1, along with those for the
additional test cases of this study, are shown in table V,

The accuracy of the linear theory used to compute thc stability
derivatives was examined by further application of the time vector
method described in reference 27. This was accomplished by constructing
the vector polygons for variois degrees-of-freedom to establish whether
or not the polygons closed as required. Specifically, the terms of the
particular equations used were added vectorally in accordance with the

applicable magnitude and phase relationship.
Figure 35 shows this magnitude and phase relationship between the
7oll and yav sngles and their bigher order terms of interest, The
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resulting magnitudes for each term, shown in this figure, were then
multiplied by the appropriate stability derivative, as dictated by
the equations of motion, and summed vectorally. The vector polygons
| for the yaw moment equation and roll moment-equation for case 1 are
’ shown in figures 36 and 37, respectively. As noted, the polygons
close quite well indicating that the values computed and the technique
l used are credible. Similar diagrams were made for other degrees-of=

freedom and for all of the cases of this investigation. Since all

b e e

polygons closed with apparently the same accuracy, only the ¢ -V
relationship for case 1 has been presented as an illustration.

Three Degrees~Qf-Freedom

No stability derivatives were computed using the available three-

degree~of-freedom data. 7The purpose of presenting these data was to
indicate the unrestrained motion of this configuration for the various
test cases and to provide an additional means of verifying the computed
results. The period and damping ratio for each case was determined
from this data. For example, from figure 16 (case 1), the period of the
oscillatory motion is about 4.4 seconds, and the damping ratio is
seen to be very low, approximately { = 0.04. The roots resulting
from these terms are S = -0.06+j1.k.

The space axis stability derivatives of the model, as computed
from the data (table V), were used to solve the characteristic
equation representing the gimbal axes as given in ejuation (22).
Since the constant temn. ...~ approximately zero, for nost cases, the
equation vas simplified to a quartic. The results for each of the cases

e A I e




are shown in root form,
Case
1
2
3
I

IS
s

being
Roots
-0.01k,
+0.134,
+0.458,
+0.395,
-0,028,

(model space axes)

~1.488, +0.076+j1.562
=L 36, =0.0g0+jL.0D3
-1.339, =0.090+j1.648
-1.300, -0.042+31.663

-1.340, +0.154+31.697

57

As can be seen, the value of the oscillatory root determined for case 1,

from the data, ic in good agreement with the tabulated results.

The

three-degree-of -freedom data for the remaining cases were also examined

and found to correlate with the solutions of the characteristic equations.

The general characteristic equation (22) was also modified to represent

the body axis equations of motion by simply deleting the attitude terms.

The roots for the body axis dynamic motions of the model were then

computed using the unadjusted body axis stability derivatives (those

computed according to appendix II).

These roots, given below, were

used to compute the period, time to double or one-half amplitude, and

the damping ratio associated with each mode and are presented for each

case in tables VI to X.

Case

AC D S I | B

Roots (model body axes)

0,024,
+0,221,
+0.668,
+0.587,
+0.105.

1,280, -0.023$J1.200
<1.457, -0.027+]1.168
«1.637, =0.0u5+J1.239
«1.522, -0.0324)1.265
-1,531, +0.183431.200
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APPENDIX II

FULL-SCALE CONVERSION !

H The full-scale stability derivatlives calculated tor the various
cases of this experiment were determined from the model values in the
following manner: First, the expressions relating the space or gimbal

|
axis moments to the model body axes were solved iu i.uunier the model

ol s &
HIOU KA s dss o w

space derivatives to the model body axis values. Second, the model body

axis derivatives were then converted to the full-scale values. The

details relative to these steps will now be described. ;

‘ CONVERSION TO MODEL BODY AXES ]

‘ To determine the values of the model body axes derivatives, the
rolling and yawing moments can be expressed as functions of the three
aerodynamic parameters of interest during this study. That is, the

‘ moment dependency on roll rate, yaw rate, and sideward velocity are:

o or - ov (30)

The equa.ions for p, r, and v, as shown in appendix I, can be

substituted into the above moment expressions, resulting in:

%-%(Qcose-;aine)»f%rl-‘-(;cosa-p&smo)+3L(vg-uorv)

dv
%‘%(acos9-;5139)1-9-'-(;'\2080{-&31113)i-%(v:-uof*)

or
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These body moment expressions can then be used in the equations relating
the gimbal and body moments (eqs. (12) and (17) from appendix I). For

the roll and yaw equations the relationships then become
I'¢+P v=[L cos 6 + L sin 6 cos 6 + N_cos 8 sin 8 + N sin°0)
X XZ 9] T p T
2 2 ¥
+ [_—Lp sin 6 cos 6 + Ly cos" 8 -Npsin9+Nrcos 8 sin BJW

+ LLV cos ¥ + Ny sin SJVf + [—Uofbv cos 6 = Uova sin e_']w

QY7 DURO IS RIS I PSP UL TN

(32)
X [} 2 A4
L'V + sz¢ = [Np cos”6 + N, sin 8 cos 6 - L, sin © cos 8 - L, 8in 6]¢
2 2
+ [-Np sinecose+Nrcos 6+Lpsine-Lrsinecos 6]@
+ [Ny cos 8 - Ly sin 6]ve + [Uogly cos 6 + Up Ly sin o]v

Again note: Ly = 'Uova
N‘V = -uOfNV

Since the general equations, as written from equations 21 of appendix I,
are

Ix'.a + sz.‘;’ - 19 + Lﬁ + Lypve + Ly¥
(33)

I,"G+Pu3-la+l;;+lvrvf+lw

the appropriate expressions relating the gisbal and body derivatives are
realized by simply setttng the corresponding coefficients equal. That is:
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Lé = L, cos28 + (L. + Np)sin 8 cos 6 + N sinee (34)
. 2 2

Ly = (-Lp + Np)cos @ sin @ + L. cos 6 - Np sin © (35)
. 2 2

Ng = N, cos™8 + (N, - Lp)ain 8 cos § - L, sin" 6 (36)
. ‘ 2 2

Ny = -(Np + Lp)sin 6 cos 8 + Ny cos™® + Ly sin'© (37)

va =Lycos 6 + N, 8in 8 (38)

Nvf = N, cos 8 - L, sin 8 (39)

Ly = <Uo Lv cos 8 - Uo Ky sin 6 (ko)

Ny = ~Uo Ny cos 8 + Uo Ly sin 8 (k1)

The first four e:rpressions have, as unknowns, the four body axis
derivatives shown on the right-hand side of these equations. The
gimbal axis values, the left-hand side of each equation, have been
determined from the data presented. The last two groupings of
equations (i.e., Ly, and N, or Ly end Ny) are identical, thus,
either set represents two equations with two unknowns. In addition
t0o these moment expressions, the side torce equation can be examined

in the same manner; the correspondence was simply ons to one, because
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the side for::- Aue to any nf the angular rates vere considered
negligible.

Using the first four equations ((34) through (37)), the body
axis stability derivatives are solved a3 functions of the remaining
body axis values. The first and fourth equations result in an expres-
sion for Lp, vhile the second and third yleld an expression for Lr.
These expressione, when substituted buck into the general equations
from which they were determine?, result in two equatiors having only

N. and Ilp as the unknowns, Jving the two final equations simul-

r
taneously yields the body derivatives, N, and llp, vhich are sub-
sequently used to determine I.p and Lr' For case 1, the body values
are equal to the gimbal vilues because both axes uare alined when the
pitch attitude is zero. The equations also lead t0 this result when
6 = 0, thus establishing a check on the equations developed for the
analysis. As an example, the computations for case 2 will be showm.

Por this case,

e = 10° L, s <0.55 per sec

sin 6 = 0.17 L} = +1.25 per sec
cos 0 = 0.985 l’--o.”perm
s1n%0 = 0.03 N = -0.53 per sec
c0s20 = 0.965

The expressions for L, end L. from equations (3%) to (37) are
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ip=Lg + Ny -Np=-1.08 -N,
(42)
Le = Ly = Ng + Ny = +1.78 + N,

Substituting Lp end L. into equations (34) and (35), the pair of
equationg resulting are

0.34% Ny = U.uu, wp = 0.18
0.935 np + 0.3 N. = ~0.65
Solving simultaneously, yields
Np = <0.4 per sec and K, =-0.62 per sec
vhiéh in turn from (42) ylelds
Lp = -0.68 per ~ee and L. = 1.16 per scc

Fither of the last iwo sets of equations ((38) and (39), or (40) and
(41)) could be used to find L, and N,. Again, for case 1, the
equations indicate that the gimbal and hody values are equal. letting
case 2 provide the example once more, the simultanecus set (fr .
eqs. (38) and {39))

va = 0.1 =1 cos 10° + K, sin 20°

By, = 40.08% = By cos 10° - L, sin 10°

yields




L <0.11 per ft-sec

v

N +0.065 per ft-sec

v

i

This overall approach, that is solving the set of four equations in
four unknov~., and the last simultaneous set, was used to calculate
the model body axis stability derivatives for the rcemaining cases.
A1l results are shown in tables VI to X.

FULL-SCALE DERIVATIVES

The second step of this procedure leading the actual aircraft's
stability derivatives was the scaling up from the model body axis
values, now known, to the full-scale value. Two calculations were
performed on each derivative to acquire the final full-scale values.

The first accounted for the difference between the scaled-down moments
of inertia of the full-scale vehicle and the actual model; specifically,

.0
the roliing moment derivatives must be increased by a factor %—5

while the factor %%% must be applied to the yawing moment derivatives.
These adjusted model results were then converted to the full-scale
values by use of the scale factors for dynamic model similarity, as
listed in table XI. The body axis stability derivatives for the model,
adjusted model, end full-scale vehicle for each case are presented in
tabies VI to X.

In order to present the dynanics of the full-scale aircraft, the
body axis equations of motion were adjusted to account for the fact
that the model was flying down the test track, simulating descent, in
such a manner that the horizon was thought of as being rotated, rather

than having the aircraft actually descending. Only the sideforce

W BRSBTS A on
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equation is affected by this condition, and was rewritten to include
the appropriate components of track velocity and gravity. The modified

sideforce equation, as noted in reference 26, becomes:

E§ = m[_w'r +Ur - Wp - g(sin 0g)V - g(cos ea)ﬂ (43)
where:
U= Uf cos @
W= Uf sin a
8y = aerodynamic pitch angle

between fititious horizon
and principal X-axis

Use of the aircraft's body axis eliminated all terms dependent on
attitude (i.e., Ny = Yy = Ly = N§ = 0), the cross products of inertia

mt 1.

and permitted setting - = The modified characteristic equation
m

then becomes:

Y, -8 gcos 8y + (Up 8.10)S g sin a - (Us- cos a)8
=0
Ly L8 - s LS
2
N, N8 NS - S
(k)

from which the roots for the full scale aircraft were computed.
Although the order of the equation is quintic, the constant terms for
each case were approximately zero, and thus eliminated. The roots

for tle resulting quartic characteristic equation were:




Case Roots (full-scale body axes)
1 -0.01k4, -0.760, -0.005430.753
,2.C92, -C2.79C, -0.013+j0.701

.

"'0.285, -00779) -00085‘_':;10.71‘8

r

3
L +0.262, -0.715, ~0.076+30.783
5 +0,072, ~0.7h4, +0.01L4+30.770

These roots are graphicall& presented on figure 38 and were used

LD 108 e 2205 s < gt

to compute the period, damping ratio and time to double or one-half
amplitude of the various modes, for each case, as noted on tables VI
to X. It should be noted that the adjusted model axis roots were

also determined using equation (44) and used to compute the periods

damping ratios, etc., for the model: these results compared well

with those values scaled down from the full-scale results.
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TABLE I.- SUMMARY OF TEST CONDITIONS

b9

All tests conducted at 1, = 40°, = 60° and model rpm = L0OO
except where rpm = O as noted.
Fuselage |[Collective |Descent |Aerodynamic | Trim Degrees
piteh pitech angle pitch velocity Run Figure| ¢
attitude B.75R Y attitude ; Nos. | Nos. |freedom
0 =a =a+7 ’
(deg) (deg) (deg) (deg) l ft/sec)
!
17.8 91
. ik 12
0 9%,
t ¥
! 102
Po19.4 13
( 106
0 ; 164
(case 1) 13.5 0 0 | 17.6 1 @-y
| 166
—
’ 179
18.4 15 | vy
182
203
17.9 16 |P-y=ve
204
213
17.8 17 \4
21k
210
17.7 18 g-v
10 a2
13.5 -
(case 2) > > 2 220
17.6 19 | f@eve
224
228
lacu 0 .¢-'-Vr
229

* Mechanical spring in place, th =e31.7 ft-1h/rad

** rpm =

0

B, me ., e




TABLE I.- Concluded

50

All tests conducted at i = 4oo,

except where rpm = O as noted.

dp = 60° and model rpm = 4000

Tucclage CollectivelDescent Aerodynamic‘ Trim Degrees
pitch piteh angle pitch velocityl Run | Figure of
attitude B.?BR Y attitude Uf Nos.| Nos. |freedom
6 = o ! Qa = a+ 7
(deg) | (deg) | (aeg) | = (des) |(rt/sec)
: ' 234
1 21l ¥
é ' 235
| 18.6
: ! 231
| \ 22 | g~y
2 1 =
(case 3)] 7 | U ? ! 238
239
18.4
247
21+ ¢-W~Vf
2L8
261
18.1 25 v
263
20 9 | IED 1=
1. -
(case 4) > H | 18.8 26 | g-v
I
| 269
{ 270
| 323
23.5 28  J
N
| 331
24,0 y 22 | d-v
3
2 1.5 -11 9
(case 5) 327
30 | fove
329
339




TABLE II.- MODEL GEOMETRIC AND INERTIAL CHARACTERISTICS

Model weight, wp = 45.9 pounds
Rolling moment of inertia, I, = 3.0 slug=-feet squared

Yawing moment of inertia, I, = 4.1 slug-feet squared

Z

Wing area = 5.34 feet squared

cg position:

x‘

g = 9 percent mean aserodynamic chord

1, =0

ch = 26.5 percent mean aerodynamic chord
below wing reference plane location

at 1w =0




REPRODUCIBILITY OF THE,
ORIGINAL PAGE IS POOR

TABLE TIT.- SUMMARY OF TRANSIENT RECPONSE DATA (MEASUREL)

FPOR GINGLE DEGRUYE OF FPREMDOM

(¢ only)
y-period y-period
Run ) t Run (sec) t
86 2.17 0.110 AL .80 0.175
87 2.17 ALy 235 4.50 162
Luse %
83 2.15 116 0% L.80 .158
89 2.20 116 Averages 5.0% 0.165
9% 2.00 112
a7 2,20 .118
98 ».18 100 260 5.20 0.20
Cuse 1
(with 99 2.30 .131 261 5.50 .19
mech.
springs) 102 2.00 L1006 | Caue X A 5.80 .21
105 2.15 .118 267 5.50 .20
104 2.0 L0y Averuges 5.50 0.20
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TABLE IV.- SUMMARY OF TRANSIENT RESPONSE DATA (MEASURED)
FOR MULTIPLE DEGREES OF FREEDOM
(Note: Yboth variables presented)
|
Two degrees of freedom (¢ - )
@g-period y-period
| Rur (sec) ¢ (sec) 4
|
152 4.8 0.076 4.8 0.073 g
163 5.0 125 k.5 170
164 b.5 220 4.3 .230 §
Case 1 166 4.8 .78 k.5 084 :
167 5.0 .090 L.7 .095
Averages b7 0.129
209 4.5 0.140 6.0 0.135
Case 2 210 L.7 .150 5.0 .148
212 4.6 .130 4.8 .125
Averages k.9 0.138
230 4.5 0.130 4.6 0.130
Case 3 23 4.8 .120 4.8 .155
232 5.0 .130 L.6 .45
Averages 4.7 0.135
251 .0 0.1%0 ' 0.140
case b 253 4.6 .100 h.h .095
254 4.8 .095 4.6 .095
Averages 4.5 0.110
3% 4.3 -0.09 h.3 -0.10
Case 5 330 b -0.09 4.5 -0.09
336 b3 -0.11 b.5 «0.18
Averages b.b -0.11




TABLE IV.- Concluded
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Two degree of freedom (@ - vy)
¢-per10d ve-period
Run sec) ¢ f (sec) ¢
179 5.6 " -0.190 5.6 -0.185
Case 1 181 6.1 -0.185 6.7 -0.185
182 5.7 ~0.195 5.8 -0.197
Averages 5.9 -0.190 i
219 , 5.9 -0.120 6.0 -0.110
220 ‘ 5.8 -0.115 5.8 -0.127
Cage 2 224 6.6 ~0.138 6.7 -0.141
225 5.9 20,155 6.0 -0.157
Averages 6.1 -0.140
237 5.9 0.l | bay -0.125
Case 3 238 6.5 -0.140 6.5 -0.140
239 6.5 -0.115 6.5 -0.150
Averages 6.4 <0.1%
267 5.8 =0.175 5.4 -0.135
Case b 269 6.5 -0.190 6.6 -0.170
270 6.2 -0.180 6.0 -0.135
Averages 6.1 =0.170
20k 5.6 -0.190 5.0 «0.180
295 5.4 -0.200 5.2 «0.190
AT 5.6 -0.200 5.b <0.170
Case 5 7 5.6 <0.220 5.6 0.210
7 5.4 =0.205 5.2 0.190
328 5.6 «0.195 5.2 «0.195
39 5.6 =0.195 5.3 <0.195
Averages 5.4 -0.210




)
TABLE V.- MODEL SPACE AXIS &' ABILITY DERIVATIVES
Parameter Case 1 Case 2 Cuce % Case U Cure 5
N; 1/sec -0.67 -0.5% 0.4 | 0.6 -0
'S {, 2
?w 'Ul¥;e; -0.85 -1.51 -1.66 -1.49 -1.57
= =Voply
Né, 1/:ac -0.58 -0.53 -0.13 -0.29 -0.%3
Ng» 1/sec? +0.036 -0.15 -0.077 -0.02% -0.3%
Ny, 1/ft-sec +0.045 +0.084 +0.09 +0.08 +0.066
Ly, 1/sec +1.72 +1.75 +1.80 +1.76 +1.28
*' l . ? .
[uec +2.20 +0.82 +1.67 +1.48 +7.49
(= -Uogly)
g, 1/sec ~G.65 -0.59 -0.40 -0.40 -0.40
Ly, 1/ft-sec -0.17 -0.10 -).06 -0.06 -0.11
Yv*, ﬂ’./aec2
+3.66 .71 +1.75 +%.13 +10.9
Yy, 1/eec <0.20 -0.25 -0.h2 -0.17 -0.46
Vo, ft/sec 18.3 18.% 18.5 18.4 23.7
| Xg, 1b +0.7 -2.3 5.5 <5.95 6.1
Z¢, b 21.3 25.9 1.6 29.2 29.0
ny/m’ 2.16 2.27 l 2.22 2.05 2.02
ke
* Derivatives exist qus to use of space axis systea.
. *alue approximated for each case.




TABLE VI.- BODY AXIS STABILITY DERIVATIVES AND PARAMETERS (CASE 1)

' A i sted [Fﬁxll-scale

Parameter Model model | sircraft
Ny, 1/sec -0.67 -1.02 -0.32
Np, 1/secc -0.58 -0.88 -0.28
Ny, 1/ft-sec 40.045 | +0.068 | 40.002
L., 1/sec ' +1.72 +3.44 +1.09
Ly 1/sec ‘ -0.63 -1.26 -0.40
L,, 1/ft-sec -0.12 -0.24 -0.008
Y,, 1/sec 0.20 -0.20 -0.063%
I,, slug-ft2 3.0 1.5 150,000
I,, slug-fi” f b.1 2.7 270,000
Oscillatory mode (Dutch roll) ‘
Period, sec P 5.2 2.6 8.4
Time to one-half amplitude (T /p), sec| 30.0 27.6 138.0
Demping ratio ({) 0.02 0.01 0.01
Pirst real mode (spiral)
Time to one-half amplitude (T /o), sec| 26.9 14.6 49.3
Second real mode (rolling mode)
Time to one-half amplitude ('1'1/2), sec| 0.5 0.2% o -
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TABLE VII.- BODY AXIS ST-BILITY DERIVATIVES AND PARAMETERS (CASE ?)

Parameter Model Adjusted | Full-scale
model aircraft

N., 1/sec -0.40 -0.61 -0.19
Ny, 1/sec . -0.62 -0.94 ~0.%0
Ny, 1/ft-sec +0.065 +0.099 +0.00%
L., 1/sec ~ +1.16 +2.32 +0.73 .
Ly, 1/sec -0.68 -1.% -0.43
Ly, 1/ft-sec -0.11 -0.22 -0.007 5
Y, -/sec -0.25 -0.25 -0.08 %
I, slug-£t° 3.0 1.5 | 150,000
I, slug-ft? b1 2.7 270,000 ,
Oscillatory mode (Dutch roll)
Period, sec 5.4 2.5 7.9
Time to one-half amplitude (Ty/), sec | 25.6 4.7 53.0 .
Damping ratio ({) 0.02 0.02 0.02
Pirst real mode (spiral)
Time to double amplitude (Tp), sec 3.1 2.5 8.4
Second real mode (rolling mode)
Time to one-half amplitude (Tl/2)’ sec 0.48 0.29 0.92
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TABLE VIII.- BODY AXIS STABILITY DERIVATIVES AND PARAMETERS (CASE 3)

1 Parameter Model ' 'Adg‘;z;d F:Ji-i;i:ﬁe
Ny, 1/sec +0.1k +0.21 +0.066
Ny 1/sec -0.30 -0.46 -0.15
N,, 1/ft-sec -0.06 40.10 | +0.003
Ly, 1/sec +1.63 +3.26 +1.03
L) 1/sec -0.95 -1.90 -0.60
Ly, 1/ft-sec -0.087 -0.174 | -0.006
Y., 1/sec -0.k2 -0.k2 -0.13
I, slug-£t’ 3.0 1.5 150,000
Iz, slug-£t° k.1 2.7 270,000
Oscillatory mode (Dutch roll)

Period, sec 5.1 2.6 8.4
Time to one-half amplitude (Tl/e), sec | 15.k4 ok 8.1
Damping ratio ({) 0.0k 0.12 0.12

First real mode (spiral)

Time to double ampiitude (To), sec 1.03% 0.76 2.2

Second real mode (rolling mode)

Time to one-half amplitude ('1‘1/2), sec 0.h2 0.28 0.8

b= -
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TABLE IX.- BODY AXIS STABILITY DERIVATIVES AND PARAMETERS (CASE L)

Parameter Mode1 ,Adg2§:id F:%i;i;?te
N, 1/sec +0.02 +0.03 +0.0L
Np, 1/sec ~0.4h -0.67 -0.21
Nys 1/ft-sec +0.055 +0.083 | +0.003
L., 1fsec +1.61 +3.22 +1.02
Lps 1/sec ~0.88 -1.76 -0.56
Ly, 1/ft-sec -0.08k4 -0.168 | -0.005
Yy, 1/sec -0.17 -0.17  -0.054
I, Slug-£t° 3.0 1.5 | 150,000
I,, slug-ft° b1 2.7 270,000
Oscillatory mode (Dutch roll)
Period, sec %.9 2.6 8.1
Time to one-half amplitude (Ty/o), sec| 21.6 3.3 , 9.1
Damping ratio (2) 0.03 0.0 . 0.10
First real mode (spiral)
Time to double amplitude (Tb), see L2 0.92 | 2.63
Second real mode (rolling mode) ‘
Time to one-half amplitude (T /p), see| 0.43 0.31 : 0.9
S |
et
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TABLE X.- BODY AXIS STABILITY DERIVATIVES AND PARAMETFRS (CASE 5)

TMjusted | %111 -scale

Parameter Mode model aircraft
N,, 1/sec -0.11 -0.167 | -0.053
Ny 1/sec -0.45 -0.68 -0.21
Ny, 1/ft-sec +0.02k +0.036 | +0.001
Ly, 1/sec +1.16 +2.%2 +0.73
Lps 1/sec -0.69 -1.38 -0.L4
L,, 1/ft-sec -0.125 -0.25 -0.008
Y, 1/sec <0.4%6 -0.46 -0.15
1., slug-ft° 3.0 1.5 150,000
L, slug-ft° b1 2.7 270,000
Oscillatory mode (Dutch roll)
Period, sec 5.2 2.5 8.2
Time to double amplitude (T.), sec 3.8 10.2 49.0
Damping ratio ({) -0.15 -0.02 -0.02
First real mode (spiral)
Time to double amplitude (T»), sec 6.6 3.6 9.6
Second real mode (rolling mode)
Time to one-half emplitude (Ty/p), sec | 0.45 0.30 0.89
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TABLE XI.- SCALE FACTORS FOR DYNAMIC MODEL SIMILARITY

Multiply full-scale property by scale factor to obtain model property.
For A = i0
Linear dimension Al 0.1
Area A2 0.01
Volume, mass, force A3 0.001
Moment A'u 0.0001
Moment of inertis A2 0.00001
Linear velocity A= 0.316
Linear acceleration I 1.
Angular velocity 1N 3.16
Angular acceleration A 10.
Time A=eD 0.316
Frequency 1% 3.16
Reynolds number A=LeD 0.0316
Mach number A=e 0.316
vhere A = model linear dimension
fvllescale linear dimension
—

. am
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g Case 1 zﬁ 150
Case 2 = 1. -
& Case3 Uf 18. 5 ft/sec
O Cased } -
=11.5°
A Case5 P ’ ] Uf=23.7ft/sec
O Reference 25
0.7 (40 kt level case)
..0 6 L
£
-0.5} -
8 ﬂb o — 3
204G — — — — & A ;
2
A -03f
-0.2F ?
'0. 1 -
0 4 1
0 -5 -10 ‘
Descent angle, degrees
-0.4
g 03 —— — — —F~
2 T~
2 -0.2 I~
[- %
Z -1
0 ! - P—
0 -5 -10
Descent angle, degrees
Figure 1.~ Pull scale stability derivativrs.
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Figure 2.« Princeton Dynamic Model Track longitudinal mount
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Figure 4.- Schematic representation of lateral carriage systen,
model support,and gimbal arrangement.
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